Abstract-Recent studies have shown that trading efficiency for improved resolution may be a good choice for small lesion detection, but utilizing collimator with high efficiency may be more favorable for cardiac single photon emission computed tomography (SPECT). This paper investigates the tradeoffs of geometric-blurring compensation for high-resolution (HR) and high-sensitivity (HS) SPECT imaging with various parallel-hole collimators in terms of noise reduction and resolution recovery. Five types of collimators were investigated and compared with a general all purpose collimator using computer simulations. It is shown that less noisy SPECT images can be achieved with unchanged spatial resolution using large collimator holes with blurring compensation. The optimal collimator hole found in the computer simulation is the one with a hole acceptance angle in the range from 6.3
I. INTRODUCTION

C
URRENT clinical single photon emission computed tomography (SPECT) widely use high-resolution (HR) collimators to gain better image resolution. HR collimators suffer from low sensitivity which leads to a noisy image, which may not be favorable for all types of SPECT studies [1] . Recent studies on collimator utilizations show that HR collimators may be advantageous to small lesion oncology SPECT imaging, while high-sensitivity (HS) collimator may be favorable for the cardiac SPECT imaging [2] . HS collimators allow more photons reach the detector through the large collimator holes [3] - [6] . Either a larger hole diameter or a shorter hole length can make B. Zhang was with The University of Utah, Salt Lake City, UT 84108 USA. He is now with the Philips Medical Systems, Cleveland, OH 44143 USA (e-mail: bin.zhang_3@philips.com).
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Digital Object Identifier 10.1109/TITB.2010.2050145 a large acceptance angle. In this paper, we use the term "a large collimator hole" or "a large hole angle" to imply a large acceptance angle of the collimator hole, which can be achieved by using a larger hole diameter or a shorter hole length. Using large holes improves sensitivity but introduces extra blurring to the image [3] , [6] . Therefore, to achieve optimal image quality, the hole sizes need to be carefully chosen and additional blurring compensation techniques may need to be applied [3] , [7] , [8] .
In SPECT imaging, methods have been proposed to compensate for the distance-dependent collimator-blurring effects in the image reconstruction algorithm since the late 1980s [1] , [7] - [22] . Many papers published during the 1990s have become classic methods in this field [1] , [11] , and not many new algorithms were published in the past decade [8] . In general, the resolution-compensation methods can be separated into two categories [11] . One can be categorized as restoration filtering. The other can be categorized as an iterative reconstruction-based resolution modeling. For restoration-filtering techniques [9] - [12] , the image obtained through an imaging system is considered as the convolution of the original object with the point-spread function (PSF) of the imaging system. The major problem of this technique is noise. The deconvolution filtering process could result in significant amplification of noise. Several methods have been proposed to regularize the filtering for better noise control [9] , [10] . However, controlling noise in restoration filtering may alter noise characteristics and cause noise correlation artifacts in the image [12] . Reconstruction-based blurringcompensation techniques have better capability in restraining noise [13] - [22] . However, modeling resolution in reconstruction makes the transition matrix become more complicated, which implies more computational cost compared to the filtering methods. Some methods have been proposed to reduce the computational burden by using block-iterative reconstruction algorithms [19] , applying larger step sizes when modeling blurring incrementally with distance [14] , or utilizing the idea that the resolution blurring only needs to be modeled in the projection but not in the backprojection [13] . For either type of techniques, the result of resolution recovery will depend on many factors, such as the reconstruction algorithm, the number of iterations, the detector geometry, as well as the source distribution [8] .
In this paper, we use the geometric-point response-correction approach presented in [22] to model collimator blurring in our image reconstruction. Even though other approaches modeling the depth-dependent blurring directly in the transition matrix may be more accurate in terms of modeling the physics, we choose this so-called "inversed-cone" approach because it is relatively more efficient and simpler to implement with reasonable good approximations for the physics of imaging system [2] , [7] , [8] , [21] , [22] .
The goal of this paper is to show that with the proposed resolution-compensation technique, an HS system might achieve the same image resolution with better noise behavior than an HR collimator. An HR collimator might not be the optimal choice for SPECT imaging in terms of image quality, especially for clinical cardiac SPECT.
II. COLLIMATOR GEOMETRY AND MODELING
A. HS Collimator Versus HR Collimator
General-all-purpose (GAP) and low-energy high-resolution (LEHR) collimators are widely used in clinical SPECT. For instance, Philips AXIS and IRIX GAP collimator is one of the typical clinical GAP collimators, which has holes of diameter 1.4 mm and length 25.4 mm, and the hole diameter and the hole length of a typical Siemens LEHR collimator is 1.11 and 24.05 mm, respectively. Both GAP and LEHR collimators can be categorized as low-sensitivity (LS) collimators. Compared to these two types of LS collimators, an HS collimator has much bigger holes. The Siemens low-energy high-sensitivity (LEHS) collimator used in our phantom studies described later in the paper has holes of diameter 2.54 mm and length 24.05 mm. It can achieve a sensitivity approximately four to five times higher than the LEHR and GAP collimator mentioned earlier. However, the higher sensitivity achieved by an LEHS collimator is not necessarily transferred to four to five times of image quality improvements. The cost is the loss of image resolution.
B. Inverse-Cone Resolution-Compensation Model
A resolution-compensation method that incorporates an inverse-cone model was proposed in [22] . The basic idea of this approach is to assume the field-of-view (FOV) of each hole is of an inverse-cone shape due to the blurring effects caused by the geometrical aperture of the collimator, while the classic parallel-hole geometry assumes line or cylindrical FOV. The inverse-cone model is shown in Fig. 1(a) [22] . The inverse-cone structure of the blurring effects was considered and modeled in the projector and backprojector of a general iterative expectation maximization (EM) algorithm [22] , [23] . The measurement at each detector bin was assumed to be a weighted sum of the line integrals of a series of projection rays within the cone [22] . The number of projection rays was determined by the length (2-D) or area (3-D) cross section made by the focal line (2-D) or focal plane (3-D) and the inverse-cone boundaries as shown in Fig. 1(b) and (c). The number of projection rays for each projection bin depends on the collimator hole size or hole angle. In this paper, the cone angle of the inverse cone is also called the hole angle. In reconstruction, for each projection bin of interests, all projections along the projection rays within the cone are summed up. The projection of each ray is weighted with a fixed geometric response factor [22] , [23] , [24] . The weight factor for each projection is calculated according to the ray angle and the cone-beam-geometry point-response function given in [22] and [25] , which is also known as the "Chinese hat" function [25] .
For a given hole size, the hole angle can be approximately calculated as
Hole diameter 2 × Hole length
The hole features and the corresponding hole angles of the three collimators used in this paper are shown in Table I .
III. COMPUTER SIMULATIONS
A. Methods
To study the resolution-to-sensitivity tradeoff of different collimator holes in SPECT imaging, we investigated five collimator holes whose hole angles are 0.5, 1, 2, 3, and 4 times of 3.157
• , respectively, (the GAP collimator hole angle). The first collimator has smaller holes than the GAP collimator. It can be regarded as an HR collimator. The third, fourth, and fifth collimators have larger holes than the GAP collimator, which can be regarded as HS collimators.
To simplify the simulations, we simulated 2-D SPECT reconstruction using a 2-D mathematical cardiac torso phantom • . The image size was 128 × 128. The distance between the detector to the axis of rotation was set to be 100 pixels. The sample points chosen on the focal line are the points on a grid with unit d = 1.0 × pixel for reconstruction and a finer grid with unit d = 0.5 × pixel for data acquisition simulation. Poisson noise was added to the simulation data. Images were reconstructed from both the noisy and noise-free simulation data for quantitative analysis. The sensitivity of each collimator was calculated using the equations given in [3] and [6] .
The reconstructed images with different hole sizes and different compensation angles were compared based on contrast recovery coefficients (CRC) versus normalized standard deviation (STD) [26] , [27] . CRC-STD curves can well present the trend of image contrast (resolution) recovery and noise amplification during the iteration reconstruction process. The CRC is defined as
where M card and M lung represent the mean of cardiac wall region-of-interest (ROI) and the mean of the ROI in the lung region, respectivley, as shown in Fig. 2(a) . Here, we choose the cardiac wall and lung regions as the ROIs just for a general and relative CRC-STD comparison. For specific cardiac studies, other ROIs such as myocardium and ventricular chamber regions may be more preferable. The subscripts rec and phan denote reconstruction and phantom, respectively. The background mean M lung was computed within the ROI in the uniform lung region. The cardiac wall to lung activity ratio of the phantom was 5:1. Note that we use normalized STD to measure the noise properties of the reconstruction due to the reason that for different image intensity levels, the same STD of the background noise can result in different image quality. Here, the STD is calculated using the formula
where σ lung is the STD of the ROI in the lung region, N is the number of image elements that are used in the calculation, f i is the value of the ith element of the image reconstructed from noise data, andf i is the expected mean value of the ith element. Noise-free reconstruction is used to calculatef i .
B. Results
Fig . 2(b) shows the CRC-STD curves of the reconstructions using the GAP collimator (hole angle = 3.1572
• ) with the eight compensation angles mentioned earlier.
It can be seen that different compensation cone angles lead to different CRC-STD performance. For the first two large compensation angles (1.00 × 3.1572
• and 0.83 × 3.1572 • ), reconstruction converged to images with overrecovered contrast (CRC is greater than 1.0), while the last two small compensation angles (0.04 × 3.1572
• and 0.16 × 3.1572 • ) did not give complete recovery of the image contrast. The reason that different compensation angles lead to different CRC curves is due to the impacts of mismatched blurring models between acquisition simulation and image reconstruction, which is consistent to the findings published in [28] , [29] . Theoretically, compensation angle should match the full collimator hole angle. But in practice, due to the limitations of the approximated model, matched compensation angle makes the algorithm ill-conditioned and unstable [1] , [8] , [26] . The reconstruction may converge to an overcorrected solution with overamplified noise as shown here. The optimal-compensation angle should provide the most accurate resolution recovery with reasonable low noise amplification. The optimal compensation angle found in this paper is around half of the hole angle, which matches our practise experience in applying this technique in 2-D and 3-D reconstruction. • , is too severe that the contrast was not able to be fully restored, while for the smallest hole size 0.5 × 3.1572
• , blurring compensation does not show much effects as the blurring is rather minimal. Fig. 6 shows the images reconstructed using the five collimator holes at approximately the same CRC (≈1.0). One can see that images generated using the first two collimator holes are quite noisy due to the small hole angles. Image generated using the two larger holes (2 × 3.157
• and 3 × 3.157 • ) are much less noisy. Image resolution in these two cases can be successfully recovered using the inverse-cone model and are almost identical. 
IV. PHANTOM STUDIES
A. Cardiac Insert Phantom Without Defect 1) Methods:
To further investigate LEHR collimation versus LEHS collimation with resolution compensation in clinical environment, a phantom study was carried out on a Siemens e.Cam Signature SPECT system. A cardiac insert phantom [see Fig. 7(a) ] was loaded with 99m T c. A Siemens LEHR (hole diameter = 1.11 mm, length = 24.05 mm) and a Siemens LEHS collimators were mounted on the two detector heads, respectively. The image size was set to be 128 × 128 × 128. To make a fair comparison, two heads acquired data simultaneously as shown in Fig. 7(b) . Each head acquired 60 projection views over 180
• . The total study time was 60 min. Data were then separated into two datasets to obtain different statistics (one 10-min scan represents a low-count scan and one 50-min scan represents a high-count scan). For each projection, the data were acquired into 128 × 128 arrays. The distance from the face of the collimator to the axis of rotation was 24 cm. The total counts acquired by the detector with the LEHR collimator were 1.3417 million, while the total counts acquired by the one with the LEHS collimator were 5.7845 million.
2) Results: We first investigated 2-D maximum-likelihood EM (ML-EM) reconstructions with and without 2-D resolution compensation. The combined data (50-min scan plus the 10-min scan) were used. The central slice of the 3-D image was reconstructed on a Dell 8300 workstation. The images reconstructed from the data acquired by the LEHR collimator without resolution compensation are shown in Fig. 8(a) , while the ones reconstructed from the data acquired by the LEHS collimator without compensation are shown in Fig. 8(b) . The subfigures in these images were generated after different iterations. From Fig. 8(a) and (b) , we can see that the center slice reconstructed from the HS data is less noisy but more blurred than the images reconstructed from HR data. Fig. 9(a) and (b) shows the images reconstructed from the LEHR and the LEHS data with resolution compensation, respectively. One can see that image quality is significantly improved with 2-D resolution compensation. The images shown in Fig. 9 (a) and (b) are comparable in resolution, while the images shown in Fig. 9 (b) are less noisy than those shown in Fig. 9(a) . With a larger cost on computation, images reconstructed from HS data with 2-D resolution compensation achieve better noise-to-resolution performance than those reconstructed from HR data with 2-D resolution compensation. Because of a wider blurring angle, the reconstruction of the HS data requires more computations for iteration and, thus, takes much longer time, compared to the reconstruction from the HR data.
In order to compare the HS and the HR systems more accurately, we also reconstructed the data using 3-D ordered subsets EM (OS-EM) algorithm with 3-D resolution compensations. Both the low-count data (10 min scan time) and the high-count data (50 min scan time) for LEHR and LEHS were applied. A 3-D resolution compensation model [22] was implemented in the reconstruction. Images reconstructed without resolution compensation were also generated for comparison purposes. Fig. 10(a) and (b) represents the nonresolution-corrected images from the high-count data, respectively, while Fig. 11(a) and (b) shows the images reconstructed with 3-D resolution compensation from the same dataset. Images with 3-D resolution compensation and the low-count data are shown in Fig. 12(a)  and (b) .
From the nonresolution-corrected images [see Fig. 10 (a) and (b)], one can see that the LEHS images are severely blurred due to the large hole size of the collimator, while the statistics of the image is improved. With a properly tuned 3-D resolutioncompensation model, the resolutions of both the LEHR images and the LEHS images can be recovered. For high-count data, comparing Fig. 11(a) with Fig. 11(b) , image resolutions of the two images are quite comparable, while the LEHS images [see Fig. 11(b) ] maintain a better uniformity in the cardiac wall region, and are less noisy compared to the LEHR images. For low-count data, similar results are shown in Fig. 12(a) and (b) . It is more obvious in low-count images that with a proper compensation, LEHS can achieve better image quality than LEHR in terms of noise-to-contrast tradeoffs. This result suggests that LEHS is potentially a better collimator for low statistics clinical scans. The high-count rate of the LEHS collimator will benefit image noise property, while resolution loss can be recovered by compensation model for the cardiac study. Case-by-case studies may be needed to fine tune the compensation model.
B. Cardiac Insert Phantom With Defect
An additional low-count phantom study was performed to compare the LEHR collimator with the LEHS collimator with resolution compensation. This study aimed to simulate a lowcount clinical case for cardiac study. Similar to the first phantom study, the LEHR and the LEHS collimators were mounted to each head of the Siemens SPECT scanner. A cardiac phantom with a defect was scanned. The defect is a cold lesion in the myocardium. Its size is 2 cm × 2 cm × 1 cm. The activity in the cold lesion is zero. To make a fair and easy comparison, the phantom was scanned by each detector head with 5 s per view and 128 views over 360
• . The total counts acquired by the detector with the LEHR and the LEHS collimators were 1.6 and 6.9 million, respectively. Data acquired by the two collimators were reconstructed separately. The LEHR image was reconstructed using OS-EM with 32 subsets and 2 iterations without resolution compensation. Resolution compensation with a 3.0228
• (half of the hole angle) compensation angle was applied in the LEHS reconstruction. LEHS images were reconstructed using OS-EM with 32 subsets and 2, 5, and 10 iterations, respectively. Fig. 13 shows the reconstructed image slices and profiles reconstructed from the LEHR and LEHS datasets. It can be seen that because the counts are low, LEHR images look very noisy and the structure of the phantom cannot be clearly resolved. LEHS images preserve good image quality with significantly lower noise. The profile comparison between the LEHR and the LEHS images also shows that the LEHS reconstruction with resolution compensation achieves similar resolution with a smoother profile compared to the LEHR reconstruction.
V. CONCLUSION AND FUTURE WORK
HR collimators may be desirable for small lesion detection in oncology. However, the low sensitivity of the HR collimator results in noisy images, which may not be a good option for cardiac SPECT studies. Using HS collimators can improve the detection sensitivity at a cost of losing image resolution. An inverse-cone resolution-compensation model proposed in [22] can be one of the models incorporated in the reconstruction to compensate for the blurring effects. In this paper, we first used the computer simulations to study the capability of recovering image resolution using the inverse-cone model for five collimator hole sizes. Results show that using the first two types of small collimator holes (smaller or equal to the GAP collimator holes) leads to very noisy images and minimal improvement is visible. For the holes that are two or three times larger than the GAP collimator hole, the resolution compensation model can significantly improve the image quality in terms of noise-to-resolution tradeoff, and provides less noisy images with almost identical resolution to that of the GAP hole size. For the last case in which the hole is four times larger than the GAP collimator hole, the blurring effects are too severe, and image resolution cannot be completely recovered. It is not always true that an HS collimator with resolution compensation techniques can outperform the HR collimator for cardiac imaging. Resolution-compensation techniques would fail for certain level of resolution blurring, for an example, imaging with no collimation. An HS collimator with hole angle between 6.3
• and 9.4
• are suggested in this paper for using the "inverse-cone" resolution compensation technique.
Two phantom experiments also confirm that images reconstructed from HS data are less noisy than those reconstructed from HR data. With collimator-blurring compensation, the HS images can have the comparable resolutions to the HR images, while HS images look much smoother than the HR images due to their better noise properties. This could benefit cardiac study and especially for low-dose studies in a real clinical environment. These results are also consistent to the findings of an early published comparison study between cardiac SPECT collimators [28] .
The performance of each collimator is highly depended upon the compensation model as well as the reconstruction algorithm. We have shown that the widely used LEHR collimator in clinic is not optimal, especially, for cardiac SPECT imaging, in terms of the sensitivity-to-resolution tradeoff compared to the LEHS collimator with our compensation model. However, the optimal collimator and matched compensation models need to be carefully and further investigated for practical usage in SPECT clinical imaging. Here, we only investigated one compensation approach and simple ML-EM/OS-EM algorithm with line integral projectors. Other compensation modeling approaches and reconstruction algorithms should also be studied. In addition, in real cases, factors like attenuation and scatter could also affect image quality and, thus, should be considered together with collimator blurring.
